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Erbium ionAbstract A inducible ﬂuorescent ligand 2-(2-(2-amino-ethylamino) ethyl)-30,60- bis (ethylamino)-
20, 70-dimethy-lspiro[isoindoline-1,90-xanthen]-3-one was synthesized and used as a ﬂuorescent
probe to detect Er3+. Er3+ could induce the structural transformation of the ﬂuorescent ligand,
resulting in a sharp ﬂuorescence emission in a buffered solution. The ﬂuorescence intensity of the
ﬂuorescent ligand was enhanced quantitatively with an increase in the concentration of erbium
ion. The detection limit of Er3+ was 3.0 · 1010 mol L1 (50 ng L1) under optimized conditions.
The method applied for the determination of Er3+ in four alloy samples had achieved satisfactory
results.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In recent years, with the application of rare earth elements
(REEs) in many ﬁelds, REEs are attracting more and more
attention (Birdwell, 2012). Meanwhile, because REEs can pro-
mote the growth of plants and the body weight gain of
animals, REEs are also widely used in agricultural and animalproduction as microelement fertilizer and feed additives
(Li et al., 2012; Von Tucher et al., 2001; Buckingham et al.,
1999). As a result, REEs are ﬁnally entered into the bodies
of human beings via the food chain (Zhu et al., 2008). Long-
term intake of REEs (such as La, Ce, Pr, Nd, Pm, Eu and
Tb) may lead to accumulation in the bone structure, change
in the bone tissue, and even bring about the generation of
genetic toxicity in bone marrow cells (Chen et al., 2008). Nev-
ertheless, the reports about biological toxicity of Erbium are
very few. Erbium-doped is widely used in the ﬁeld of materials.
Er-doped could hold the high quantum efﬁciency in pure or
modiﬁed-silica host glasses (Bhaktha et al., 2006). Mg-Al alloy
containing Er had shown excellently mechanical properties,
such as high tensile strength, yield strength and corrosion
resistance and content of Erbium in the alloys would also
affect these properties (Hao et al., 2013; Rosalbino et al.,ine 6G.
2 Y.-n. Dai et al.2005; Wu et al., 2013; Zhang et al., 2014). Hence, the determi-
nation of trace amounts of REEs is of great importance in
samples.
Many techniques such as high-performance ion chromatog-
raphy (Ishikawa et al., 2003), neutron activation analysis
(Orvini et al., 2000), X-ray ﬂuorescence (DeVito et al., 2001),
isotopic dilution mass spectrometry (Shaw et al., 2003), induc-
tively coupled plasma atomic emission spectrometry (Pasinli
et al., 2005; Liang et al., 2005; Zhang et al., 2007), ICP–MS
(Spalla et al., 2009) and isotachophoresis-particle induced
X-ray emission (Hirokawa et al., 1995) have been used to
detect REEs in sample. Nevertheless, they require expensive
and sophisticated instrumentation, large operating and main-
tenance costs.
Recently, many efforts have been made to design various
selective chemosensors for REEs detection. However, there
appear to be no reports to detect Erbium using a ﬂuorescent
probe, although a number of luminescence methods are devel-
oped to detect a variety of REEs (Gaft et al., 1999; Homman
et al., 1994). In the present paper, we report a new ﬂuorescent
ligand 2-(2-(2-amino-ethylamino) ethyl)-30,60- bis (ethyl-
amino)-20, 70-dimethy-lspiro [isoindoline-1,90-xanthen]-3-one
(ABDO) to determine Er3+. Experimental parameters for
determination of Er3+ were investigated and optimized. This
method would use to determine Er3+ in four alloy samples.2. Experimental
2.1. Apparatus
An RF-5301PC Spectrophotoﬂuorometer (Shimadzu
Corporation, Japan) was used throughout the whole experi-
ment. The compound (ABDO) was characterized with a
Varian Mercury YH-300 nuclear magnetic resonance instru-
ment (Varian, USA), Q-Trap2000 LC-MS (Applied Biosystems
Company, USA) and micrOTOF-QII (Bruker Corporation,
Germany). The absorption spectra were observed by a
UV-2550 spectrophotometer (Shimadzu Corporation, Japan).
2.2. Reagents and chemicals
All reagents were of analytical grade and used without further
puriﬁcation. Rhodamine 6G was purchased from across
Organics (Fair Lawn, NJ, USA). Erbium (III) nitrate pentahy-
drate was purchased from Strem Chemical, Inc (Newburyport,
MA, USA). Diethylenetriamine was purchased from J&K
technology Co., Ltd. (Beijing, China). Ethanol was purchased
from Beijing Chemical Reagent Corporation (Beijing, China).
HEPES was purchased from Beijing Dingguo ChangshengO
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metal ions were prepared from their salts which were pur-
chased from Beijing Chemical Reagent Corporation (Beijing,
China). Double-distilled water was used throughout all
experiments.
2.3. Synthesis of ABDO
Compound (ABDO) was synthesized according to the litera-
ture with small modiﬁcation (Scheme 1) (Mao et al., 2010;
Quang et al., 2011; Zhao et al., 2009; Wu et al., 2007). Rhoda-
mine 6G (1.916 g, 4.0 mmol) was dissolved in 20 mL of hot
ethanol, followed by the addition of diethylenetriamine
(3 mL, 28 mmol). The reaction mixture was reﬂuxed for 24 h
till the green ﬂuorescence of the solution was disappeared.
After cooled to the room temperature, the mixture was evapo-
rated in vacuo in order to remove some ethanol. Then double-
distilled water was added in the mixture, and the pink solid
formed was ﬁltered and washed 2–3 times with double-distilled
water. This solid was then recrystallized in hot ethanol aque-
ous solution and in 75% yield. M.p.159–160 C. 1H NMR
(300 MHz, CDCl3): d(ppm):7.90 (m,1H), 7.45 (t, J, 3.75 Hz,
2H), 7.02 (m, 1H), 6.34 (s, 2H), 6.23 (s, 2H), 3.50 (d, J,
4.2 Hz, 2H), 3.21 (m, 6H), 2.58 (t, J, 6 Hz, 2H), 2.41 (t, J,
6.6 Hz, 4H), 1.90 (s, 6H), 1.43 (s, 3H), 1.32 (t, J, 7.05 Hz,
6H); MS (ESI) m/z obsd 500.5 ([M+ H]+ calcd 500.5 for
C30H37N5O2).
2.4. Digestion procedure of alloy samples
Er-doped is widely used to modify the Al or Mg alloys and
content of Erbium in the alloys would also affect mechanical
properties. So, detecting the content of Er in alloys is very
importance. In this work, the contents of Er were investigated
with this ﬂuorescent ligand in four kinds of Al or Mg alloys.
HCl (1.5 mL) and HNO3 (0.5 mL) were added to the alloy
sample (10 mg) in a 10 mL digestion tube. The mixture was
heated gradually until the sample disappeared. The ﬁnal resi-
due was dissolved in 10 mL HEPES buffer (0.1 mol L1,
pH = 7.5) and the resulting solution was referred to as the
sample solution.
2.5. Fluorescence determination procedure
The ABDO was dissolved in ethanol to get a 1 mmol L1 stan-
dard solution. 30lL of ABDO ethanol solution was added into
3 mL of sample solution, and then the solution was allowed to
stand for 15 min at 25 C before ﬂuorescence measurement.
The ﬂuorescence intensity was measured at wavelength of
550 nm when the excitation wavelength was 510 nm. A quartzNH2
lux ON
H
N
H
N
O
H
N NH2
ay of the probe ABDO.
hly selective and easy-to-synthesize ﬂuorescent probe based on Rhodamine 6G.
Figure 1 Absorption spectra of the free ABDO (10 lmol L1) and the ABDO–Er complex (Er3+, 10 lmol L1) (A); ﬂuorescence
emission spectra of ABDO–Er (the concentration of Er3+ from bottom to up is1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 lmol L1) (B).
Figure 2 Proposed mechanism for the ﬂuorescence enhancement
of ABDO in the presence of Er3+.
Determination of Er 3+ using a highly selective and easy-to-synthesize ﬂuorescent probe based on Rhodamine 6G 3cell of 1 cm path length was used. Both the excitation and
emission slits were set at 5.0 nm.
3. Results and discussion
3.1. Spectroscopic properties of ABDO
The absorption spectra of ABDO in the presence of Er3+ in
water/ethanol mixture (1:1 v/v; HEPES 0.1 mol L1;
pH = 7.5) were recorded, and the results are shown in
Fig. 1A. ABDO did not show typical rhodamine-framework
absorption in the wavelength range from 400 nm to 600 nm
because of its stable ‘‘spirolactam form’’. However, typical
rhodamine absorbance at 527 nm appeared in the presence
of Er3+. Then, 527 nm as excitation wavelength was used to
excite the ﬂuorescence emission spectrum of ABDO with
Er3+. Job-plot analysis was applied to the ABDO–Er complex.
The observed binding curve could be ﬁtted to a 1:1 binding
model and gave an apparent association constant (Ka) of
3.0 · 106 M1 (see Supporting information, Fig. S3).
Fluorescence emission spectra of ABDO in a water/ethanol
mixture (1:1 v/v; HEPES 0.1 mol L1; pH = 7.5) are shown in
Fig. 1B. ABDO exhibited almost no ﬂuorescence signal at an
excitation wavelength of 527 nm. The observation would be
coincident with non-ﬂuorescent spirocyclic structure of
ABDO. Interestingly, Er3+ affected the ﬂuorescence emission
of ABDO at 550 nm. However, the ﬂuorescent emission spec-
trum obtained was not complete at excitation wavelength of
527 nm because the emission peak was range from 515 nm to
650 nm. Therefore, 510 nm was chosen as the excitation wave-
length for subsequent experiments. Then, the ﬂuorescence
emission peak of ABDO was signiﬁcantly enhanced with an
increase in the concentration of erbium ion at the excitation
wavelength of 510 nm.
The 1H NMR spectra of ABDO before and after addition
of Er3+ (see Supporting information, Fig. S4) show that the
proton of the phenyl ring adjacent to the carbonyl group
shifted to a higher ﬁeld, which suggests that the spirocyclic
form of ABDO had transformed into an open-ring form. This
result is in agreement with the absorption and ﬂuorescence
spectra changes. In addition, the NMR peaks of all four
CH2-linked aliphatic amino moieties showed signiﬁcant shiftsPlease cite this article in press as: Dai, Y.-n. et al., Determination of Er3+ using a hig
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cates that the aliphatic amino units are the most likely to che-
late with Er3+. We speculated that the spirolactam form was
opened in the presence of Er3+, and a highly delocalized
p-conjugated structure of ABDO was formed (Fig. 2). The
HR-MS of the ABDO–Er3+ complex was recorded at room
temperature using Bruker micrOTOF-QII (see Supporting
information, Fig. S5). ABDO shows a molecular ion peak at
m/z 500.3000, which corresponds to [ABDO+H] peak as
the calculated m/z being 499. The peak at m/z 250.6555 repre-
sents the double charged ion of ABDO. When the Er(NO3)3
standard solution was added to the ABDO ethanol solution,
the molecular ion peak at m/z 766.3193 was observed, which
corresponds to[ABDO+ Er + NO3 + 2H2O] peak. These
results support the structure of the complex and conﬁrm the
stoichiometry of the metal chelate as the ML type.
3.2. Effect of water content
The ﬂuorescence intensity of ABDO in the presence of Er3+ is
associated with the solvent polarity. The character of the
ABDO with Er3+ is conﬁrmed by ﬂuorescence spectra mea-
sured in different proportion of ethanol and HEPES bufferhly selective and easy-to-synthesize ﬂuorescent probe based on Rhodamine 6G.
Figure 3 Effect of water content on ﬂuorescence intensity of
ABDO–Er complex (ABDO 10 lmol L1; Er3+ 10 lmol L1).
4 Y.-n. Dai et al.solution, Fig. 3 shows the relationship between ﬂuorescence
intensity of ABDO in the presence of Er3+ and the solvent
ratio of ethanol/HEPES buffer solution. It obviously that the
ﬂuorescence intensity was ﬁrst enhanced with the solvent
polarity then reduced due to the increasing content of HEPES
in the mixed system, while it displayed almost no obvious ﬂuo-
rescence intensity increasing when there were ABDO only. By
comparison, ethanol/HEPES buffer solution (1/1, v/v) was
chosen as solvent of the system.
3.3. Effect of pH on the ﬂuorescence response of ABDO
The effects of different PH on ﬂuorescence intensity of
ABDO–Er3+ was explored. As shown in Fig. 4A, the ﬂuores-
cence emission intensity (excitation at 510 nm) of ABDO
started to increase quickly with pH from 5 to 2. This phenom-
ena implied that the spirolactam form of ABDO could be
opened with pH lower than 5. ABDO did not display any obvi-
ous and characteristic ﬂuorescence at a pH range from 6 to 12,
suggesting that it was stable over the pH range of 6 to 12 and
could work in real sample with very low background ﬂuores-
cence. In the presence of Er3+, there was an obvious ﬂuores-
cence off–on change of ABDO. The ﬂuorescence intensityFigure 4 Change in ﬂuorescence intensity of ABDO (10 lmol L1) i
Er3+ (10 lmol L1) as a function of PH.
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Therefore, pH 7.5 was chosen for the ﬂuorescence intensity
determination.
3.4. Effect of reaction parameters on the ﬂuorescence response
of ABDO
The effect of reaction time on ﬂuorescence intensity of the
ABDO–Er complex was studied at room temperature.
Fig. 5A shows that the ﬂuorescence intensity of free ABDO
was very low and the ﬂuorescence signal of ABDO in the pres-
ence of Er3+ increased sharply in the water/ethanol mixture
(1:1 v/v; HEPES 0.1 mol L1; pH = 7.5). The ﬂuorescence
intensity reached the maximum value within 15 min and
remained nearly constant thereafter, which demonstrates that
the ABDO–Er complex can be formed. Therefore, a reaction
time of 15 min was selected in subsequent experiments.
The effect of reaction temperature was also studied. Fig. 5B
shows that the ﬂuorescence response of ABDO initially
increased with temperature, reached a maximum at 10 C
and then remained nearly constant from 15 C to 60 C, which
means that elevated temperatures may not affect the complex-
ation reaction. Therefore, considering the convenience and
maneuverability, the ﬂuorescence measurements were preceded
under room temperature for subsequent experiments.
3.5. Interference of common ions in Er3+ determination
An important feature of the sensor is its high selectivity toward
Erbium ions over other competitive species. The interference of
common alkali, alkaline earth, transition and heavy metal ions,
and especially lanthanide ions for detection of Er3+ had been
carried out in the literature (Zamani et al., 2011). In this part,
we also used these metal ions as interfering ions to detect
Er3+ with ABDO. The interference of a number of common
metal ions for the detection of Er3+ with ABDO was carried
out with excitation ﬁxed at 510 nm and emission at 550 nm.
Fig. 6 (the red bar portion) illustrates the ﬂuorescence response
of ABDO in the presence of Er3+ (10 lmol L1) and
50 lmol L1 interfering ions (Tb3+, Pr3+, Ho3+, Gd3+,
Sm3+, Nd3+, Yb3+, Er3+, Eu3+, Ce3+, Fe3+, Cu2+, Al3+,n the ethanol/HEPES mixture measured without (A) and with (B)
hly selective and easy-to-synthesize ﬂuorescent probe based on Rhodamine 6G.
Figure 5 Effect of time (A) and temperature (B) on the ﬂuorescence intensity of ABDO with and without Er3+, [ABDO 10 lmol L1,
Er3+ 10 lmol L1, slit: 5, 2.5].
Figure 6 Column diagram of metal ion selectivity of ABDO. [ABDO 10 lmol L1, Er3+ 10 lmol L1 and 50 lmol L1 for all remaining
metal ions; Black bar: Relative ﬂuorescent intensity of ABDO; Red bar: Relative ﬂuorescent intensity of ABDO with different metal ions;
Blue bars: different metal ions in the presence of Er3+ with EDTA, measured at the slit (5, 5)].
Determination of Er 3+ using a highly selective and easy-to-synthesize ﬂuorescent probe based on Rhodamine 6G 5V5+, Cd2+, Pb2+, Cr6+, Co2+, Li+, Na+, K+, Rb+, Cs+,
Be2+, Mg2+, Ca2+, Sr2+, Ba2+, Zn2+, Ag+, Mo6+, Mn2+,
As3+, Pt
2+, Ni2+, Hg2+, Se(IV) and La3+), respectively; only
As3+, Co2+ and Zn2+ increased the ﬂuorescence intensity of
ABDO. To test the practical applicability of ﬂuorescence
chemosensor for detecting Er3+, competition experiments were
carried out. We compared the relative ﬂuorescent intensity of
ABDO with 50 lmol L1 aforementioned metal ions and
10 lmol L1 Er3+ (blue bars) with the relative ﬂuorescent
intensity of ABDO with only 10 lmol L1 Er3+ (red bar).
There was some interference of Al3+, Ca2+, Cu2+, Zn2+,
As3+ and Co2+ in detecting Er3+. EDTA was chosen as a
masking agent to eliminate the interference of Al3+, Ca2+,
Cu2+, Zn2+, As3+ and Co2+. The ﬂuorescence characteristic
of ABDO showed no obvious change with the addition of
EDTA content ranging from 1 equiv. to 10 equiv. of Er3+
(see Supporting information, Fig. S6). EDTA as a masking
agent was examined for Al3+, Ca2+, Cu2+, Zn2+, As3+,
Co2+ at concentrations not affecting the determination ofPlease cite this article in press as: Dai, Y.-n. et al., Determination of Er3+ using a hig
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tal results show that the response of the sensor to Er3+ is unaf-
fected by other potentially contaminating metal ions, which
indicates that ABDO is a viable selective chromogenic sensor
for Er3+.
A test to determine interferences from a number of com-
mon anions in the detection of Er3+ was also carried out at
an excitation wavelength of 510 nm and an emission wave-
length of 550 nm (see Supporting information, Fig. S8). No
signiﬁcant ﬂuorescence intensity changes were observed with
common interference anions, such as CO3
2, HCO3
, H2PO4
,
HPO4
2, CH3COO
, Cl, Br, S2, SO3
2, S2O8
2 and SO4
2.
In the competition experiments, a sample solution (1/1 v/v;
HEPES 0.1 M; pH = 7.5) containing the aforementioned
anions (10 lmol L1) was added to 1 lmol L1 of Er3+,
and a sample solution containing only 1 lmol L1 of Er3+
was analyzed. The response of the proposed sensor to Er3+
was unaffected by the presence of other potentially contami-
nating anions.hly selective and easy-to-synthesize ﬂuorescent probe based on Rhodamine 6G.
Figure 7 (A) Fluorescence spectra of ABDO (1 lmol L1) with the addition of increasing concentrations of Er3+ (3 nmol L1–
100 nmol L1) in ethanol/HEPES solution (1/1 v/v; HEPES 0.1 M; pH 7.5) with a Measure slit at (5, 10); (B) Linearity of the ﬂuorescence
intensity at 550 nm with respect to the Er3+ concentration over the range of 3–100 nmol L1.
Table 1 Results of the sample analysis and recovery of added Er3+.
Sample Found Er spiked Er Found Recovery
(mg/g) (mg/g) (mg/g) (%)
Al–Er alloys (1) 18.0 10.0 10.9 109.0
20.0 21.6 108.0
Al–Er alloys (2) 15.0 10.0 9.6 95.5
20.0 20.5 102.4
Mg–Er alloys (3) 5.0 10.0 9.7 96.5
20.0 21.0 104.7
Mg–Er alloys (4) 2.5 10.0 10.3 103.4
20.0 20.4 102.0
6 Y.-n. Dai et al.3.6. Analytical characteristics
Under optimized conditions, the ﬂuorescence response of
ABDO increased with increasing Er3+ concentration in the
range of 3 nmol L1–100 nmol L1 (Fig. 7A). Fig. 7B shows
ABDO maintain a good linear relationship with Er3+ concen-
trations ranging from 3 nmol L1 to 100 nmol L1. The limit
of detection of Er3+ was 0.28 nmol L1 (based on S/N= 3).
Thus, the presented method provides a high-sensitivity ﬂuores-
cence probe that may be used for the detection of Er3+ in
actual samples.
3.7. Determination of erbium in four alloys
To test the reliability of the present method, Er3+ concentra-
tions in four alloys were determined. Actual samples (10 mg)
were pretreated by the wet digestion method. The Er3+ con-
centrations in the samples were determined using an optimized
ﬂuorimetric procedure, and recovery experiments for various
amounts of Er3+ were carried out. The results obtained are
summarized in Table 1. The results obtained conﬁrm the valid-
ity of the present method.Please cite this article in press as: Dai, Y.-n. et al., Determination of Er3+ using a hig
Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2014.12.0062. Conclusions
In summary, a highly selective and sensitive ﬂuorescent probe
for Er3+ in water/ethanol mixture (1:1 v/v; HEPES
0.1 mol L1; pH = 7.5) was developed. The system is
monitored by ﬂuorescence intensity changes of ABDO. The
selectivity of the proposed method for determining Er3+ was
remarkably high, and its detection limit was 3.0 · 1010
mol L1 (50 ng L1) under optimized conditions. This ﬂuores-
cent probe exhibited an excellent anti-interference capability
against other REEs and common metal ions. The Er3+
concentrations in four erbium alloy were determined, and the
results obtained were satisfactory.
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